We study the negative refractive index in cubic noncentrosymmetric superconductors. We consider the Maxwell equations under the Meissner effect, and magnetoelectric effect arising due to broken inversion symmetry. We derive dispersion relations of electromagnetic waves, and show that the refractive index becomes negative at frequencies just below the Higgs gap. We find that the chiral mechanism of the negative refractive index, which is usually discussed in chiral materials with negative permittivity can be applied to superconductors with positive permittivity by replacing the plasma gap with the Higgs gap. Estimation from the experimental values of the penetration depth of LiPt3B indicates that the negative refractive index may appear in UV regions. LiPt3B may exhibit the negative refractive index at wavelengths shorter than any other material observed so far.
Introduction. Magnetoelectric effect has caught the attention of researchers in studies of condensed matter systems with broken time-reversal or inversion symmetry [1] [2] [3] [4] . The cross polarization/magnetization is induced by magnetic/electric fields, and leads to the optical phenomena such as optical activity [5] , or to the transport phenomena such as gyrotropic current induced by AC magnetic fields in noncentrosymmetric condcutors [6] (j = −α∂ t B). Such an AC current was rediscovered in the study of the chiral magnetic effect [7] in Weyl semimetals with broken inversion symmetry [8] , and is sometimes referred to as the gyromagnetic effect or the dynamic chiral magnetic effect.
Magnetoelectric effect plays an essential role to realize the negative refractive index in chiral materials [9] [10] [11] [12] or topological metals [13] . In the original route proposed by Veselago [14] , the negative refractive index is realized via double negative permittivity and permeability, which are unlikely in natural materials, and realized only in artificial metamaterials [15] . However in the chiral route, the negative refractive index can be realized without the unnatural assumption. Thus it may open a chance for broad applications. The chiral mechanism is based on two effects: (I) The degenerate gap of transverse waves originates from the plasma screening. (II) The helical lift of the degeneracy in momentum space originates from the magnetoelectric effect [9] [10] [11] [12] or the chiral magnetic effect [13] , which is analogous to the lift of the spin degeneracy due to the Rashba spin-orbit coupling [16] . Now we address a question whether other types of materials exhibit similar effects or not. (I) It is well known that photons acquire the mass (gap) in superconductors via the Meissner effect or the Higgs mechanism. (II) It is known that magnetoelectric effect arises in superconductors with broken inversion symmetry [17, 18] . Then we expect that noncentrosymmetric superconductors exhibit the negative refractive index.
In this Letter, we discuss the negative refractive index in cubic noncentrosymmetric superconductors. We study the Maxwell equations under the Meissner and magnetoelectric effects. By computing dispersion relations of electromagnetic waves, we show that the refractive index indeed becomes negative for either of circular polarizations at frequencies below the Higgs gap. We estimate the Higgs gap from the penetration depth observed in experiments, which indicates that the negative refractive index may occur in UV regions. Transmission coefficients in an insulator-superconductor-insulator junction are computed as an experimental implication.
Magnetoelectric effect in cubic noncentrosymmetric superconductors. We start with a computation of electric current in cubic noncentrosymmetric superconductors under electromagnetic fields based on the Ginzburg-Landau theory. In noncentrosymmetric superconductors, electric current is induced by magnetic fields via magnetoelectric effect, in addition to the standard diamagnetic current. The Ginzburg-Landau free energy for the order parameter field ψ is given as [17, 18] 
where m * , and −e * = −2e are the mass and electric charge of the Cooper pair (e > 0 is the elementary charge). , and c are the plank constant, and speed of light. A, and B = ∇ × A are the vector potentials, and magnetic fields. 
where ψ = |ψ|e iθ . The sum of four terms in the right hand side is the total electric current. The first term j n = δF n /δA is the normal current. It vanishes in equilibrium. The second term
2 is the standard superconducting current. The last two terms express the effect of the inversion symmetry breaking. In a uniform ψ, these terms can be understood as the polarization current ∂ t P and the magnetization current c∇ × M induced by the magnetoelectric effect. Let us first discuss the magnetization current. From variation of F LI with respect to B, the magnetization from the supercomponent M s is given as
Therefore the last term in Eq. (5) is nothing but the magnetization current c∇ × M s . This part does not require any assumption on ψ. Next let us discuss the polarization current. In terms of the magnetoelectric effect, it is useful to rewrite the Lifshitz invariant (4) as
where we assumed a monochromatic A, and used the Bianchi identity: ∇ × E = −∂ t B/c = iωB/c. The first term in Eq. (7) indicates the bulk polarization from inhomogeneous supercurrent:
The second term in Eq. (7) indicates the surface Hall conduction, which is elucidated below. Equation (8) is valid in general cases. In particular, if the density of the order parameter is uniform (|ψ| 2 = n s = α/β) [We assume that α, β > 0], and no vortex exists (∇ × ∇θ = 0), it reads
Thus the polarization current ∂ t P s equals to the third term in Eq. (5). In fact, if |ψ| 2 = n s , and ∇ × ∇θ = 0, the bulk term in Eq. (7) is rewritten as
and we obtain the cross polarization and magnetization:
Equation (10) belongs to the pseudoscalar in the general classification of the linear magnetoelectric effects [1, 2] . The polarization and magnetization in Eqs. (11) and (12) have the same form with the clean Weyl semimetals with broken inversion symmetry [8] . Although the gyromagnetic effect in noncentrosymmetric conductors induces no DC current (j ∼ ∂ t B), it in noncentrosymmetric superconductors survives even in static B (j ∼ B). This is because the polarization and magnetization currents in Eq. (5) originate from the inhomogeneous supercurrent ∇ × j s ∼ n s B. This static magnetoelectric effect may be important characteristic of noncentrosymmetric superconductors [17, 18] . Below we consider the uniform state, in which |ψ| 2 = n s , and ∇θ = 0 by a gauge choice. Then we have
Negative refractive index. We study the propagation of monochromatic electromagnetic waves. With the polarization (11), and electric current (13) , the Maxwell equations are
where E =Ẽe ip·x−iωt , and B =Be ip·x−iωt are electric, and magnetic fields, respectively. Below we assume that the permittivity is isotropic and unity for simplicity. Then the Maxwell equations are rewritten as
where λ = m * c 2 /(4πn s (e * ) 2 ), and δ = m * cd/e * are the penetration depth, and the effective length characterizing the inversion-symmetry breaking, and ip × E = (t · p)E, with [t i ] jk = −i ijk . The Maxwell equations (18) , and (19) are diagonal in circular polarizations satisfying
The dispersion relations read
for the right-handed (χ = +) [left-handed (χ = −)] circular polarization, andλ = λ/ 1 − δ 2 /λ 2 is the effective penetration depth [19] . The dispersion relations (22) show the same behavior with Ref. [13] , so that the analysis in Ref. [13] can directly be applied if we replace the plasma gap ω p by the higgs gap c/λ. As will be discussed in detail, the dispersion relations (22) show the different characteristic behaviors in three regimes: (a) δ = 0, (b) |δ| < λ, and (c) |δ| > λ. When the system is centrosymmetric, that is, δ = 0, two transverse modes are degenerate with the gapped dispersion relations. The electromagnetic fields are exponentially expelled from superconductors, which is known as the Meissner effect. In noncentrosymmetric superconductors with nonzero δ, the helical degeneracy is lifted, and either of them has the negative refractive index just below the higgs gap c/λ. Now we discuss the negative refractive index. We first study the negative sign of the group velocity v gχ compared to the phase velocity v pχ [10, 13] . These are given as
We consider the regime (b) |δ| < λ. Then the argument of the square root is positive. v gχ has the negative sign compared to v pχ when |p χ | < |δ|/λ 2 , that is, when c/λ < ω χ < c/λ for either of circular polarizations. If ω χ < c/λ, both of them are expelled from superconductors, so thatλ works as the effective penetration depth. Next we consider the regime (c) |δ| > λ. Then the dispersion relations (22) become pure imaginary at some momentum range and indicate unstable modes analogous to chiral plasma instabilities [20] . When we discuss transmission of electromagnetic waves, we need only the refractive index, that is, n(ω) = cp(ω)/ω with positive ω as information of dispersion relations, so that we do not encounter the unstable modes. It would be interesting to study real-time dynamics with parameters in the regime (c), where an analogue of chiral plasma instabilities may affect the dynamic transition between the magnetic helicity and (quantized) vorticity of quantum vorticies. Anyway, we consider positive ω. Then gap appears at |p χ + χδ/λ 2 | < (δ 2 − λ 2 )/λ 2 . Below the gap, the argument is still positive, and v gχ has the negative sign compared to v pχ at all frequencies lower than c/λ.
We can directly discuss the negative refractive index. By rewriting Eq. (22) into the ω-dependence of p, the refractive index reads
from the positive sign solution of the quadratic equation on p. In the regime (b) |δ| < λ, we have 0 < ω 2 χ − c 2 /λ 2 < c|δ|/λ 2 at c/λ < ω χ < c/λ, so that the refractive index (25) is negative for either of circular polarizations. Next in the regime (c) |δ| > λ, we have c √ δ 2 − λ 2 /λ < ω 2 χ − c 2 /λ 2 < c|δ|/λ 2 at 0 < ω χ < c/λ, so that the refractive index (25) is negative for either of circular polarizations. The Higgs gap vanishes in the regime (c), which means that electromagnetic waves can propagate inside superconductors even though they experience the Meissner effect. This can be understood from the fact that the effective penetration depthλ becomes pure imaginary, and can explicitly be seen from the refractive index (25). In the regime (a) or (b), the refractive index has an imaginary part if ω χ < c/λ, and electromagnetic waves become evanescent. On the other hand, the argument of the square root in Eq. (25) is always positive in the regime (c). No evanescent wave appears, and even the standing wave with ω χ = 0 is possible although it is spatiallyinhomogeneous [19] .
In this analysis, we consider only the Lifshitz invariant (4) as the effect of the inversion symmetry breaking [17, 18] . This may implicitly assume that δ is small compared to λ. In practical applications, we may need to take higher order terms of the inversion symmetry breaking into account to study the regime (c). This can be done e.g., by computing the electric current (13) from the microscopic theory based on the Kubo formula. We note that in the first order of δ/λ, the negative refractive index disappears sinceλ = λ.
The representative materials of cubic noncentrosymmetric superconductors are Li(Pd 1−x Pt x ) 3 B (We also need the absence of mirror symmetry to have nonvanishing magnetoelectirc effect) [17, 18] . The penetration depth of these materials is 190-364nm at zero temperature [21] , and is less than 400nm at low temperatures [22] , so that the negative refractive index may occur in UV regions, that is, wavelengths shorter than any other material observed so far. Among them, LiPt 3 B is expected to have the large inversion symmetry breaking [22] , and is most likely to exhibit the negative refractive index.
Transmission coefficients. We here compute reflection and transmission coefficients of electromagnetic waves in an insulator-superconductor-insulator junction (Thickness of superconductors is l). We consider the right-or left-handed electromagnetic wave normally incident from a nonmagnetic insulator (dielectric) with the refractive index n 0 (> 0) as shown in Fig. 1 . The transmission coefficients may be used to experimentally retrieve the negative refractive index [23] .
When |ψ| 2 changes by the step function, the surface Hall conduction arises from the magnetization current in Eq. (5):
where the sign is + [−] for the left surface (z s = 0) [right surface (z s = l)]. Due to the surface Hall conduction (26), the boundary condition on the tangential components of magnetic fields is modified asẑ × (B Air − B SM ) = −ẑ × 4πide * n s E/ω. The tangential components ofB = B − 4πide * n s E/ω are continuous at boundaries as well as E.
The amplitude of electric fields E χ = E χ (x + iχŷ) are
where we take the amplitude of the incident wave unity, and ω is frequency in an incident dielectric. The amplitudes of magnetic waves are obtained from B χ = cp × E χ /ω. Then from the continuity conditions at z = 0, and z = l on E, and B, reflection and transmission coefficients read
where n r = (n + + n − )/(2n 0 ) = 1 − c 2 /(λω) 2 /n 0 , and κ = n 0 ωl/c. Eqs. (28), and (29) reproduce those in gyrotopic medium [24] . The azimuth rotation, and ellipticity of transmitted waves are obtained from Eq. (29) as θ T = (Arg T + − Arg T − )/2 = −δl/n 0 λ 2 , and η T = (1/2) sin −1 (|T + | 2 − |T − | 2 )/(|T + | 2 + |T − | 2 ) = 0. The direction of azimuth rotation is determined by the sign of d. |T + | or |T − | shows the resonant perfect transmission if κn r = πm with m being some integers, which is the same as conventional metals. Similarly, the azimuth rotation, and ellipticity of reflected waves read θ R = η R = 0 as expected from timereversal symmetry [24] .
Conclusion. In this Letter, we have discussed the negative refractive index in cubic noncentrosymmetric superconductors. We have studied the Maxwell equations under the Meissner and magnetoelectric effects. The latter can arise due to broken inversion symmetry. We show that the chiral mechanism of the negative refractive index [9] [10] [11] [12] [13] can be applied to noncentrosymmetric superconductors by replacing the plasma gap with the Higgs gap. We have also computed transmission coefficients in an insulator-superconductor-insulator junction as an experimental implication.
The candidate material to experimentally test our mechanism is Li(Pd 1−x Pt x ) 3 B. In particular, the large inversionsymmetry breaking is expected in LiPt 3 B. Estimation from experimental values of the penetration depth indicates that LiPt 3 B may exhibit the negative refraction in UV regions.
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